Diurnal preference is an individual's preference for daily activities and sleep timing and is strongly correlated with the underlying circadian clock and the sleep-wake cycle validating its use as an indirect circadian measure in humans. Recent research has implicated DNA methylation as a mechanism involved in the regulation of the circadian clock system in humans and other mammals. In order to evaluate the extent of epigenetic differences associated with diurnal preference, we examined genome-wide patterns of DNA methylation in DNA from monozygotic (MZ) twin-pairs discordant for diurnal preference. MZ twins were selected from a longitudinal twin study designed to investigate the interplay of genetic and environmental factors in the development of emotional and behavioral difficulties. Fifteen pairs of MZ twins were identified in which one member scored considerably higher on the Horne-Ostberg Morningness-Eveningness Questionnaire (MEQ) than the other. Genome-wide DNA methylation patterns were assessed in twins' buccal cell DNA using the Illumina Infinium HumanMethylation450 BeadChips. Quality control and data pre-processing was undertaken using the wateRmelon package. Differentially methylated probes (DMPs) were identified using an analysis strategy taking into account both the significance and the magnitude of DNA methylation differences. Our data indicate that DNA methylation differences are detectable in MZ twins discordant for diurnal preference. Moreover, downstream gene ontology (GO) enrichment analysis on the top-ranked diurnal preference associated DMPs revealed significant enrichment of pathways that have been previously associated with circadian rhythm regulation, including cell adhesion processes and calcium ion binding.
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Keywords: epigenetics, DNA methylation, diurnal preference, circadian rhythm, monozygotic twins Circadian rhythms are endogenous biological processes that adhere to a cycle of approximately 24 hours and regulate a wide variety of key physiological and metabolic processes in all living organisms, including the sleep-wake cycle (Dijk & Lockley, 2002) . In mammals, circadian rhythms are driven by a central pacemaker in the hypothalamus, itself driven by a complex molecular clock (Zhang & Kay, 2010) . As measuring the intrinsic properties of the central pacemaker in humans is difficult and time-consuming, indirect measures are more commonly used, such as diurnal preference. Diurnal preference is an individual's preference for timing of daily activities and sleep and can be measured via a self-reported questionnaire that yields a numerical score on a scale ranging between extreme morning preference and extreme evening preference (Horne & Ostberg, 1976) . The relationship between diurnal preference and circadian period is highly correlated, and that diurnal preference is a well-validated indirect measure of circadian function (Duffy et al., 2001; Mongrain et al., 2004; Zhang & Kay, 2010) .
Diurnal preference varies between individuals (Kerkhof, 1985) , with quantitative genetic studies determining that this variation is influenced by both genetic and environmental factors; genetic variation accounts for around 50% of variance in diurnal preference, with the remaining variance accounted for by non-shared environmental influence (Barclay et al., 2010; Koskenvuo et al., 2007) . Specifically, a recent study using a cohort of 420 MZ twins, 773 dizygotic twins, and 329 siblings from a population-based twin registry across the United Kingdom (including samples used for this study) reported that dominance genetic influence accounted for 52% and non-shared environment 48% of variance in diurnal preference (Barclay et al., 2010) . A number of genes and related pathways have been significantly associated with mammalian sleep regulation and diurnal preference, including those encoding for ion channels, circadian rhythms, cellular growth signals, neurotransmitters and their receptors, as well as cytokines, and stress responses, to name a few Katzenberg et al., 1998; Palagini et al., 2014; Toh et al., 2001 ). In addition to genetic and environmental influences, diurnal preference varies by sex, where eveningness is significantly associated with males (von Schantz et al., 2015) . Eveningness has also been associated with a range of behavioral and emotional problems (Gau et al., 2004 (Gau et al., , 2007 as well as adolescence and adult depression (Gau et al., 2007; Randler, 2011; Wittmann et al., 2010) .
Epigenetic mechanisms such as DNA methylation are dynamic biological processes that have the potential to mediate both genetic and environmental influences on circadian processes (Azzi et al., 2014; Feng et al., 2011; Qureshi & Mehler, 2014) . Emerging evidence implicates a role for epigenetic mechanisms in transcriptional and posttranscription regulation within the circadian system (Azzi et al., 2014; Belden et al., 2011; Feng et al., 2011) . One of the most powerful designs in epigenetic epidemiology is the use of phenotype-discordant MZ twins because identical twins are matched for genotype, age, sex, maternal influences, population cohort effects, and exposure to many shared environmental factors (Bell & Spector, 2011; Heijmans & Mill, 2012) .
In this study, we examined genome-wide patterns of DNA methylation in buccal cell derived DNA from MZ twin-pairs discordant for diurnal preference in order to identify epigenetic variation associated with diurnal preference. This is the first study, to our knowledge, to investigate the associations between differential DNA methylation and diurnal preference in human subjects.
Subjects and Method

Study Cohort
Participants were selected from the Genesis 12-19 (G1219) study, a longitudinal twin and sibling study designed to investigate the development of emotional and behavioral difficulties, focusing on the interplay between genes and environment (McAdams et al., 2013) . The twins were recruited via the United Kingdom Office of National Statistics, and five waves of data collection have been collected to date. At wave 1, informed consent was obtained from parents/guardians of all adolescents <16 years and from adolescents themselves when 16 years or older. The Research Ethics Committees of the Institute of Psychiatry, King's College London, South London and Maudsley NHS Trust and Goldsmiths College, University of London, provided ethical approval for the different waves of data collection. This study focuses exclusively on the MEQ (as a measure of diurnal preference; Horne & Ostberg, 1976 ) data collected at Wave 4 (collected in 2007). The MEQ is a 19-item selfreport questionnaire that assesses individual preference in the timing of daytime activities, sleeping habits, hours of peak performance, and times of 'feeling best' , and maximum alertness. Individual items are rated on a 4-or 5-point scale, with the responses summed to give a total score on the morningness-eveningness dimension ranging from 16 to 86. Lower scores indicate greater 'eveningness' . Within G1219, the MEQ has been shown to have good reliability and validity (Barclay et al., 2010) . MZ twin pairs were considered for inclusion if both twins had provided a DNA sample (obtained from buccal cells) and MEQ data (n = 149 MZ pairs). The mean MEQ difference score for this whole sample from the G1219 cohort was 6.03 (SD = 4.75). For this study, we designed a within-twin difference score of 10 as representing sufficient discordancy to be of interest, and identified a total of 15 MZ twin pairs (mean age at DNA collection = 17.96 years, SD = 2.64; mean age at MEQ questionnaire collection = 19.40 years, SD = 1.07; eight female pairs, seven male pairs, 93% White European). Specifically, the mean difference score for this sample was 13.43 (SD = 2.04) and the mean MEQ score for the twin-pair member with greater eveningness was 44.05 (SD = 6.92), whereas the co-twin group mean MEQ score was 57.47 (SD = 6.10). It is worth noting that none of the discordant twin-pairs identified for this study reached the criteria for depression discordance used in our previous study of Dempster et al. (2014) . The mean difference in the depression score (SMFQ) for the 15 pairs of diurnal preference discordant twins was 5.8 (SD < 3.5). In addition, none of the discordant diurnal preference twin-pairs were discordant for anxiety symptoms using the same cut-off (i.e., a discrepancy of SD < 3.5). Furthermore, there were no discrepant cases even when this criteria was relaxed (< 2.5 times the SD of the within twin difference across the whole G1219 samples measured using the adapted Revised Symptoms of Anxiety Scale as described in (Gregory et al., 2011) ). The mean difference in the anxiety score for the 15 pairs of diurnal preference discordant twins was 9.4 (SD = 6.39). DNA was obtained from buccal cells and isolated using a standard protocol (Freeman et al., 2003) .
DNA Methylomic Profiling
Genomic DNA (500 ng) from each sample was treated with sodium bisulfite in duplicate using the EZ-96 DNA methylation kit (Zymo Research Corporation, Irvine, California). Genome-wide DNA methylation was quantified using the Illumina Infinium R HumanMethylation450 BeadChip (Illumina 450 K array) (Illumina, San Diego, CA, USA) and scanned on the HiScan System (Illumina, San Diego, CA, USA) as previously described (Pidsley et al., 2013) . Illumina GenomeStudio software (Illumina, San Diego, CA, USA) was used to extract signal intensities for each probe, generating a final report that was imported into the R statistical environment 3.0.2 (www.r-project.org) using the methylumi package (Davis et al., 2015) . Data quality control and pre-processing were performed using 'dasen' from the wateRmelon package as described previously (Pidsley et al., 2013) . Specifically, 'dasen' involves quantile normalization of the data (which adjusts for background differences between Type I and Type II probes) and then between-array normalization to these probes separately with no dye bias correction. Stringent filtering of the pre-normalized Illumina 450 K array data was performed, where probes with >1% of samples having a detection p value >.05 were removed and only twin-pairs where both samples had <5% of probes with a detection p value >.05 were included in the analysis. Given the genetically sensitive design of this study where MZ twin-pairs are matched for genetic variation and sex, probes containing single-nucleotide polymorphisms within probe sequences were retained for downstream analyses but potential non-specific probes as identified by Chen et al. (2012) and Price et al. (2013) have been flagged in all result tables. The final analyses included 454,229 probes and all samples passed our stringent quality control filter. Polymorphic single nucleotide polymorphism control probes (n = 65) located on the array were used to confirm that all twin-pairs were MZ.
Data Analyses
All statistical analyses were performed using the R statistical package (version 3.1.1). With the aim of identifying real, biologically relevant within-twin, and between-group DNA methylation differences, we used an analytic approach that incorporates both the significance (i.e., paired t-test statistic) and the magnitude (i.e., absolute ␤) of any observed differences to produce a ranked list of DMPs (Dempster et al., 2011; Wong et al., 2014) . Specifically, probes were ranked separately by paired t-test, p values, and ␤, and the ranks were summed. Additional permutated p values were calculated by 10,000 permutations (i.e., random shuffling of phenotype labels) per probe. Differentially methylated region (DMRs) analysis was performed across 500bp regions using comb-p (Pedersen et al., 2012) , a Python module that groups spatially correlated CpGs in user-defined sliding windows.
Gene Ontology Term Enrichment Analysis
Exploratory downstream GO term enrichment analysis was performed on the genes associated with the top 500 ranked DMPs using the R package GOseqv1.18.1 (downloaded from Bioconductor; Young et al., 2010) . GOseq can be used to correct for the number of Illumina 450k probes in each gene during GO term enrichment analysis. The number of probes per gene was calculated in our final dataset to create a probability weighting function, which was then used in the GO term enrichment analysis.
DMP Validation Using Bisulfite Pyrosequencing
Although the Illumina 450K array has been well validated for detecting differences in DNA methylation (Sandoval et al., 2011) , we further tested a specific region nominated from the genome-wide microarray analysis using bisulfite pyrosequencing. Independent verification analysis was performed on the probe cg10960055, which is located in a cluster of tRNA genes located at 6p22.1. This probe demonstrated an average decrease in DNA methylation of 8% in the twin-pairs with high eveningness preference as compared to their low eveningness preference co-twins. Briefly, 500 ng DNA from each individual was independently treated with sodium bisulfite in duplicate using the EZ 96-DNA methylation kit as described earlier. Bisulfite-polymerase chain reaction amplification was performed in duplicate, and quantitative DNA methylation analysis was conducted using the PyroMark Q24 pyrosequencer (Qiagen, Valencia, California). The primers and assay condition are given in Table S1 .
Results
Site-Specific Differential DNA Methylation in MZ Twins Discordant for Diurnal Preference
We assessed genome-wide patterns of DNA methylation in MZ twins discordant for diurnal preference using the 450K arrays and an analytical approach designed to identify the largest and most significant differences in DNA methylation at individual CpG sites. As expected, we found no evidence of significant difference in overall mean genomewide DNA methylation between discordant twins for diurnal preference (p = .74), indicating that diurnal preference is not associated with any global changes in the methylome. In contrast, we identified multiple CpG sites across the genome exhibiting nominally significant diurnal preference-associated differential DNA methylation. Table 1 lists the 10 top-ranked DMPs associated with diurnal preference, where consistent within-twin differences in DNA methylation were observed across the majority of discordant MZ twin-pairs investigated (Figure 1) . The top ranked DMP, cg07409153 ( ␤ 0.06, p = 4.27E-04) is located on chromosome 2p12, upstream of GCFC2 (gene encoding GC-Rich Sequence DNA-Binding Factor 2) Note: Ranked by p value. GO = gene ontology, DMPs = differentially methylated positions; BP = biological process; MF = molecular function.
and downstream of LRPTM4 (gene encoding leucine rich repeat transmembrane neuronal 4 gene) with an established role in excitatory synapse development. The top 100 ranked diurnal preference associated DMPs are detailed in Table S2 . Pyrosequencing confirmed a high correlation (r = 0.95) between DNA methylation levels detected using the Infinium microarray and pyrosequencing platforms (Figure 2 ; Figure S1 ). DMR analysis with comb-p found no consistent regions significantly differentially methylated between the twin-pairs. However, we identified three regions where more than one probe feature in the top 500 ranked probes and had a ␤ in the same direction. Probes cg10960055 ( ␤ -0.08, p = 1.49E-03) and cg10582608 ( ␤ -0.08, p = 7.71E-03) are located in a cluster of tRNA genes located at 6p22.1, which was the region validated by Pyrosequencing. Two top ranked probes were located in the gene encoding for HDAC4, cg20149840 ( ␤ 0.04, p = 3.58E-03), and cg22077197 ( ␤ 0.06, p = 1.78E-02), and a further two probes, cg21400851 ( ␤ 0.05, p = 3.71E-03) and cg01678472 ( ␤ 0.04, p = 1.39E-03), were identified in KCTD2.
Diurnal Preference Associated DMPs are Significantly Enriched in Cell Adhesion and Calcium Binding Pathways
In addition to probe-wise analysis, GO term enrichment analysis was performed on the 500 top-ranked diurnal preference associated DMPs (see Supplementary Table S3 for a list of loci included in the analysis). We identified six false discovery rate (FDR; q value <0.1) and eight nominally significantly enriched terms (p < 5 × 10 −3 ; see Table 2 ), including categories related to cell adhesion processes (GO:0007156, p = 7.39E-13; GO:0098742, p = 2.49E-11; GO:0098609, p = 2.56E-11; GO:0007155, p = 1.04E-04) and calcium ion binding (GO:0005509, p = 4.70E-07).
Discussion
The present study is the first comprehensive genome-wide analysis of DNA methylation differences related to diurnal preference using a discordant MZ twin design. We identified a substantial number of probes that were differentially methylated in twins with high eveningness as compared to their co-twins with low eveningness. A propensity for eveningness has been associated with a range of behavioral traits, including lower psychological well-being (Wittmann et al., 2010) and an increase in substance use such as tobacco, alcohol, and illicit drugs (Urban et al., 2011; Wittmann et al., 2010) .
One of the highest ranked DMPs (cg23881566) is hypomethylated ( ␤ −0.06, p = 7.29E-04) in the twins with substantially higher eveningness scores than their co-twin. This CpG is located in the first intron of the gene encoding SRRM4 situated within a DNAse I-hypersensitive region, suggesting that the chromatin in this region is open and thus possibly regulatory or transcriptionally active. SRRM4 (Colour online) Difference in DNA methylation (␤ value) between twins for the ten top-ranked probes (twins with eveningness preference -cotwin with morningness preference).
is highly expressed in the brain and its misregulation has been implicated in the autistic brain (Irimia et al., 2014) ; interestingly, circadian rhythm irregularities are often observed in autism spectrum disorders (Tordjman et al., 2015) . The 9th-ranked probe is located in the last coding exon of KNDC1. Endothelial cells engineered to express reduced KNDC1 (knockdown) show delayed senescence (Zhang et al., 2014) ; cellular senescence impairs circadian rhythmicity both in vitro and in vivo (Kunieda et al., 2006) . Thus, both SRRM4 and KNDC1 may warrant further investigation in relation to epigenetic regulation of diurnal preference.
666
TWIN RESEARCH AND HUMAN GENETICS Downstream GO enrichment analysis on the 500 topranked diurnal preference associated DMPs identified a number of FDR significant over-represented terms, including cell adhesion processes and calcium ion binding. These two categories are of particular interest as cell adhesion molecules are integral to the maintenance of the circadian circuitry (Kon et al., 2014; Nitabach et al., 2005) and dynamic fluctuation of ions, especially Ca 2+ , appears to be essential for circadian clockwork (Brancaccio et al., 2013; Nitabach et al., 2005) . Further, genetic studies in sleep and the circadian system have associated calcium signaling as one of the key biological pathways involved (Parsons, 2015) .
Despite the power of the discordant MZ twin approach for epigenetic epidemiology, there are several limitations to this study. Due to the relatively small sample size and effect sizes detected, our single-probe analysis did not report any diurnal-preference associated DMP that reached Bonferroni-corrected levels of significance (p < 1.10E-07). However, this statistical approach is likely to be too conservative, especially given the known non-independence of DNA methylation across the probes represented on the array (Rakyan et al., 2011b) . In fact, DNA methylation studies in other psychiatric phenotypes (and complex disorders in general) report similarly small absolute differences compared to this study (Dempster et al., 2011; Dempster et al., 2014; Rakyan et al., 2011a; Wong et al., 2014) and the combined analytical approach used (which took into account the significance and the extent of methylation change) has been reported to produce gene lists of higher reproducibility and biological relevance compared with the conventional method that relies solely on statistical significance in previous DNA methylation and gene expression studies (Dempster et al., 2011; Dempster et al., 2014; Kadota et al., 2009; Wong et al., 2014) . One further caveat is that the MEQ was completed by the participants on average 18 months after the DNA samples were collected; however, recent analysis on the diurnal preference measures at different waves in this cohort have found the measure to be relatively stable across time-points separated by five years (r = 0.64; Barclay et al., 2015) . Nonetheless, given the relatively small sample size, replication in larger samples is needed.
In conclusion, we have identified DNA methylation differences associated with diurnal preference in peripheral DNA samples from discordant MZ twin-pairs. The data generated in this study need to be replicated but are suggestive of a role for epigenetic variation in diurnal preference that is independent of the underlying DNA sequence.
